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ABSTRACT
We present an empirical study of contamination in deep, rapid, and wide-field optical follow-up searches of gravitational wave
sources from Advanced LIGO/Virgo (ALV). We utilize dedicated observations during four nights of imaging with the Dark
Energy Camera (DECam) wide-field imager on the Blanco 4-m telescope at CTIO. Our search covered∼56 deg2, with two visits
per night separated by ≈ 3 hours, in i- and z-band, followed by an additional set of griz images three weeks later to serve as
reference images for subtraction, and for the purpose of identifying galaxy and stellar counterparts for any transient sources. We
achieve 5σ point-source limiting magnitudes of i ≈ 23.5 and z ≈ 22.4 mag in the coadded single-epoch images. We conduct a
search for transient objects that can mimic the i− z color behavior of both red (i− z> 0.5 mag) and blue (i− z< 0 mag) kilonova
emission, finding 11 and 10 contaminants, respectively. Independent of color, we identify 48 transients of interest. Additionally,
we leverage the rapid cadence of our observations to search for sources with characteristic timescales of ≈ 1 day and ≈ 3 hours,
finding no potential contaminants. We assess the efficiency of our pipeline and search methodology with injected point sources,
finding that we are 90% (60%) efficient when searching for red (blue) kilonova-like sources to a limiting magnitude of i . 22.5
mag. Applying these efficiencies, we derive sky rates for kilonova contaminants in the red and blue regimes ofRred ≈ 0.16 deg−2
andRblue ≈ 0.80 deg−2. The total contamination rate, independent of color, isRall ≈ 1.79 deg−2. We compare our derived results
to optical follow-up searches of the gravitational wave events GW150914 and GW151226 and comment on the outlook for GW
follow-up searches as additional GW detectors (e.g., KAGRA, LIGO India) come online in the next decade.
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1. INTRODUCTION
The detection of gravitational wave (GW) events during
the first and second observing runs of the Advanced Laser In-
terferometer Gravitational-Wave Observatory (aLIGO) ush-
ered in the era of GW astronomy. The three announced de-
tections to date (GW150914, GW151226, GW170104, and
GW170814) were due to binary black hole (BBH) merg-
ers, with component masses of ≈ 8 − 36 M (Abbott et al.
2016a,b, 2017a; The LIGO Scientific Collaboration et al.
2017). Yet to be detected are the mergers of compact binaries
containing at least one neutron star (NS) such as a binary neu-
tron star (BNS) or neutron star-black hole (NS-BH) system.
In such mergers we expect electromagnetic (EM) counter-
parts, including short gamma-ray bursts and their broad-band
afterglows (SGRB, see e.g., Fong & Berger 2013; Berger
2014; Fong et al. 2015) and kilonovae, isotropic thermal
optical/NIR transients powered by the radioactive decay of
r-process nuclei synthesized in the merger ejecta (see e.g.,
Kasen et al. 2013; Barnes & Kasen 2013; Metzger 2017).
On longer timescales (e.g., weeks-years), the dynamical in-
teraction of the merger ejecta with the ambient medium can
produce radio emission (Nakar & Piran 2011).
While the GW data offer an unprecedented view of the dy-
namics of these systems and allows for tests of general rela-
tivity in a strong gravity regime not previous accessible, the
full science potential of these detections cannot be realized
in the absence of detected EM counterparts. An EM coun-
terpart will allow a unique association with a host galaxy, a
precise distance measurement, insight into the system’s local
environment, and a probe of ejecta hydrodynamics following
the merger (e.g., Metzger & Berger 2012).
In the context of searches for these EM counterparts, the
wide-field instruments necessary to cover the large localiza-
tion regions are most effective in gamma-rays (but emission
in this band is strongly beamed) and optical wavelengths. For
wide-field searches conducted in the optical bands, kilono-
vae have been of particular interest due to the isotropic na-
ture of the emission and the expectation that this emission
should accompany all BNS mergers, and some of the NS-BH
mergers in which the NS is disrupted outside the event hori-
zon (Metzger & Berger 2012). The expected short duration
(. week) and low luminosity (Lbol ∼ 1041 erg s−1 at peak)
of the kilonova emission make deep and rapid searches im-
perative. Coupled with the large search regions, this also re-
quires the development of methodologies to robustly identify
kilonovae among the vast numbers of potential contaminat-
ing sources. For example, optical follow-up of GW151226,
covering hundreds of square degrees, has led to the identi-
fication of tens of unrelated transient sources despite being
shallower than ideal searches for kilonova emission require
(e.g., Cenko et al. 2015, 2016; Smartt et al. 2016b).
In Cowperthwaite & Berger (2015, hereafter CB15), we
addressed the question of kilonova detectability and the as-
sociated contamination with a Monte Carlo method to simu-
late tens of thousands of observations of both kilonovae and
potential contaminating sources (e.g., supernovae and other
known and speculative rapid transients), exploring a variety
of cadences and search depths. We found that nightly ob-
servations to 5σ limiting magnitudes of i ≈ 24 and z ≈ 23
are required to achieve a 95% kilonova detection rate. Fur-
thermore, the simulated observations revealed that kilonovae
occupy a unique region of phase-space defined by i− z color
and rise time (trise). The analysis suggests that kilonovae can
be identified among contaminating sources using i− z & 0.3
mag and trise . 4 d. This motivates the need for a new and
empirical investigation into the issue of contamination.
In this paper, we extend our work in CB15 with an empiri-
cal investigation of contamination using a set of deep, rapid-
cadence observations obtained for this specific purpose with
the Dark Energy Camera (DECam; Flaugher et al. 2015).
These observations encompass four nights of data, covering
56 deg2, in i- and z-bands, with two visits per night separated
by ≈ 3 hr, and a depth designed to match expected kilonova
brightness within aLIGO’s sensitivity volume. This dataset is
unique as it targets cadences shorter than those employed by
typical time-domain surveys or by any of the existing follow-
up observations of aLIGO BBH merger detections, allowing
direct insight into contamination in rapid searches. We use
these data to conduct a search for transient sources that could
mimic the i− z color behavior of kilonova, considering both
red (i− z& 0.5 mag) and blue (i− z. 0 mag) scenarios.
The paper is organized as follows. In Section 2 we de-
scribe the various kilonova models explored in this work.
We present the observations and data analysis in Section 3.
In Section 4 we discuss the methodologies and results of our
search for kilonova contaminants. In Section 5, we determine
our search efficiency using point sources injected into the im-
ages with a wide range of brightness, fading rate, and color.
In Section 6 we determine the contamination rate as a func-
tion of i− z color and compare our results to those reported
from optical follow-up of the current BBH merger events.
We discuss the implications of our search in the context of
current and future GW detectors and follow-up facilities in
Section 7.
All magnitudes presented in this work are given in the AB
system unless otherwise noted. Cosmological calculations
are performed using the cosmological parameters H0 = 67.7
km s−1 Mpc−1, ΩM = 0.307, and ΩΛ = 0.691 (Planck Collab-
oration et al. 2016).
2. OVERVIEW OF KILONOVA MODELS
The mergers of compact binaries containing at least one
NS are expected to produce ejecta through dynamical pro-
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cesses such as tidal forces and accretion disk winds (Goriely
et al. 2011; Bauswein et al. 2013; Fernández et al. 2015;
Radice et al. 2016; Metzger 2017). Numerical simulations
indicate that the unbound debris has a mass of Mej ∼ 10−4 −
10−1 M with a velocity of βej ∼ 0.1 − 0.3, with a depen-
dence on parameters such as the mass ratio and equation
of state (Hotokezaka et al. 2013; Tanaka et al. 2014; Kyu-
toku et al. 2015). The ejecta are expected to be neutron rich,
with a typical electron fraction of Ye . 0.3, with simulations
showing a range of values from Ye ∼ 0.1−0.3 (Goriely et al.
2011; Bauswein et al. 2013; Sekiguchi et al. 2015; Radice et
al. 2016; Siegel & Metzger 2017). This electron fraction is
low enough (Ye . 0.25) that the ejecta are expected to un-
dergo r-process nucleosynthesis, producing heavy elements
(A& 130), particularly in the lanthanide and actinide groups
(Goriely et al. 2011; Bauswein et al. 2013; Siegel & Metzger
2017). These groups of elements have open f-shells which
allow a large number of possible electron configurations, re-
sulting in a large opacity in the bluer optical bands (κν ∼
100 cm2 g−1 for λ∼ 1 µm, see e.g. Figure 10 in, Kasen et al.
2013). A more recent calculation by Fontes et al. (2017) sug-
gests that the lanthanide opacities may be an order of magni-
tude higher (κν ∼ 1000 cm2 g−1 for λ∼ 1 µm).
Radioactive decay of the r-process elements synthesized
during the merger heats the ejecta producing an isotropic,
thermal transient (Li & Paczyn´ski 1998; Rosswog 2005; Met-
zger et al. 2010; Tanaka et al. 2014). The combination of
low ejecta mass and high ejecta velocity, coupled with the
strong optical line blanketing, results in a transient that is
faint (i ≈ 23 and z ≈ 22 mag at 200 Mpc), red (i − z & 0.5
mag), and short-lived with a typical duration of∼ few days in
z-band and∼week in J-band (Barnes & Kasen 2013; Barnes
et al. 2016; Metzger 2017). In the case of larger opacities
(e.g., Fontes et al. 2017), the transient is expected to peak in
the IR (∼3 µm), with a duration of ∼10 days (Fontes et al.
2017; Wollaeger et al. 2017).
In addition to the neutron-rich dynamical ejecta, recent
work has suggested that the mergers can also produce ejecta
with a high electron fraction (Ye > 0.25, Wanajo et al. 2014;
Goriely et al. 2015) if BNS mergers lead to a hypermassive
neutron star (HMNS; see e.g., Sekiguchi et al. 2011) with a
lifetime of& 100 ms. The resulting HMNS irradiates the disk
wind ejecta with a high neutrino luminosity which raises the
electron fraction of the material and suppresses r-process nu-
cleosynthesis1. This material will have an opacity similar to
the Fe-peak opacities seen in Type Ia SNe, producing emis-
1Even if a HMNS star is not formed, a sufficiently rapidly spinning black
hole may lead to a small amount of ejecta with Ye & 0.25 (see e.g., Fernán-
dez & Metzger 2013; Fernández et al. 2015). In this scenario, the resulting
kilonova emission is broadly identical to the HMNS case, but the lower
ejecta mass leads to a faster and fainter transient.
sion that is slightly brighter (r ≈ 22 mag at 200 Mpc), bluer
(i−z. 0), and shorter-lived (≈ 1−2 days, Metzger & Fernán-
dez 2014; Kasen et al. 2015). This blue kilonova component
has a strong dependence on viewing angle, with the polar
regions of the ejecta being exposed to the highest neutrino
flux (Metzger & Fernández 2014; Kasen et al. 2015). Con-
sequently, if the merger is viewed face-on (θ ≈ 15–30 deg),
this blue component may be visible. We expect that up to
half of mergers will be viewed at such angles (see e.g., Met-
zger & Berger 2012). However, at larger viewing angles, the
lanthanide-rich material in the dynamical ejecta will obscure
the blue emission, and only a red kilonova will be observed
(Kasen et al. 2015; Metzger 2017). While this component
will be brighter than the expected r-band emission from the
lanthanide-rich material, its detection requires rapid-cadence
observations within a few hours of the GW detection (CB15).
Lastly, it has been argued that a small fraction of the
merger ejecta may expand so rapidly that it is unable to un-
dergo r-process nucleosynthesis (Bauswein et al. 2013). This
material instead deposits energy into the ejecta via neutron
β-decay. At very early times (. 1 hr post merger), the spe-
cific heating rate from the neutron β-decay is an order of
magnitude higher than that generated by the r-process nu-
clei (Metzger 2017). This timescale is well matched to the
diffusion time for the free neutron ejecta resulting in bright
brief emission. For an ejecta mass with 10−4 M of free neu-
trons, the resulting transient will have a peak r-band magni-
tude of ≈ 22 mag at 200 Mpc with a characteristic timescale
of ∼ 1 − 2 hours (Metzger et al. 2015). This speculative
early time emission is often referred to as a “neutron precur-
sor." However, due to the high velocity of the free neutrons
> 0.4c, this component of the ejecta may be visible before the
equatorial lanthanide-rich ejecta and thus be observable for a
wider range of viewing angles than the blue kilonova. This
transient will be as bright as the blue kilonova emission but
significantly shorter in duration requiring particularly rapid
observations in response to a GW trigger (CB15).
To summarize, kilonova emission with red color (i − z &
0.5), a peak brightness of z ≈ 22.2 mag at 200 Mpc, and
a duration of ∼ few days is expected to be ubiquitous. Blue
kilonova emission due to a surviving HMNS is expected to be
bluer (i− z. 0 mag), similarly faint (r≈ 22 mag) and shorter
in duration (. 1−2 days). The predicted behavior and com-
position of the dynamical ejecta and associated red kilonova
emission is robust and ubiquitous, however the nature and
observability of the blue kilonova emission depends both on
the fraction of cases in which a HMNS survives (unknown)
and on geometrical effects (. 50%). Finally, emission due
to free neutrons will be similar in brightness and color to the
blue kilonova emission, but with a timescale of only ∼ few
hours; the prevalence of this signal is uncertain. The obser-
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vations described in this paper address contamination in all
of these cases.
3. OBSERVATIONS AND DATA ANALYSIS
We obtained data for this study using the DECam im-
ager on the Blanco 4-m telescope at the Cerro Tololo Inter-
American Observatory (CTIO)2. DECam is a wide-field op-
tical imager with a 3.3 deg2 field-of-view and a CCD sensi-
tive out to ∼ 1µm (Flaugher et al. 2015), making it an ideal
instrument for optical follow-up covering the sizable GW lo-
calization regions, particularly in the context of red kilonova
emission. The dataset consists of 21 contiguous pointings,
covering ≈ 56 deg2 in the Antlia cluster,3 with observations
conducted nightly over a five day period (2013 March 1− 5
UT; “search images”); however due to poor weather condi-
tions the data taken on 2013 March 4 UT were unusable. Two
sets of observations, separated by ≈ 3 hours, were obtained
during each observing night, with each observation consist-
ing of two 150 s exposures in i-band and two 60 s exposures
in z-band. We obtained an additional epoch for image sub-
traction on 2013 March 22 UT. This epoch consists of ob-
servations in griz-bands to determine colors for any template
counterparts, with two 85 s exposures in g- and r-band, and
the same exposures in i- and z-band as the initial search im-
ages. We list the central pointing coordinates for the 21 fields
in Table 1, and summarize the observations in Tables 2 and 3.
We processed the data using photpipe, an image pro-
cessing pipeline used by several previous time domain sur-
veys (see e.g., Rest et al. 2005, 2014) to perform single-
epoch image processing, image subtraction, and candidate
identification. The single epoch processing steps include ini-
tial image reduction (e.g., bias subtraction, cross-talk cor-
rections, flat-fielding), astrometric and photometric calibra-
tion, and coaddition of individual pairs of exposures. Search
and template images are deprojected into a tangential plane
using SWARP (Bertin et al. 2002). Difference imaging is
performed in photpipe using the hotpants software
package (Alard 2000; Becker 2015). Source detection and
point spread function (PSF) photometry is performed on
the subtracted images using an implementation of DoPhot
(Schechter et al. 1993) that has been optimized for differ-
ence images.
We start with the raw images and appropriate calibration
files obtained from the NOAO archive4. We performed astro-
metric calibration relative to the 2MASS J-band point-source
catalog. We then coadded the pairs of i- and z- band im-
2PI: Berger, NOAO 2013A-0214
3The effective area corresponds to 21 DECam pointings accounting for an
overall ≈ 20% loss of area due to chip gaps (10%), three unused CCDs
(5%, see Section 4.1 and Diehl et al. 2014), and masked edge pixels (5%).
4http://archive.noao.edu/
Table 1. Field Pointing Centers
Pointing R.A. Decl.
Antlia 1 10:19:58.5 −30:55:24
Antlia 2 10:19:44.5 −33:07:24
Antlia 3 10:19:30.5 −35:19:24
Antlia 4 10:19:10.5 −37:31:24
Antlia 5 10:30:03.5 −30:55:24
Antlia 6 10:30:03.5 −33:07:24
Antlia 7 10:30:03.5 −35:19:24
Antlia 8 10:30:03.5 −37:31:24
Antlia 9 10:40:08.5 −30:55:24
Antlia 10 10:40:22.5 −33:07:24
Antlia 11 10:40:38.5 −35:19:24
Antlia 12 10:40:57.5 −37:31:24
Antlia 13 10:50:12.5 −30:55:24
Antlia 14 10:50:41.5 −33:07:24
Antlia 15 10:51:13.5 −35:19:24
Antlia 16 10:51:50.5 −37:31:24
Antlia 17 11:00:17.5 −30:55:24
Antlia 18 11:01:00.5 −33:07:24
Antlia 19 11:01:48.5 −35:19:24
Antlia 20 11:02:44.5 −37:31:24
Antlia 21 10:36:36.0 −27:31:04
NOTE—Central J2000 coordinates for
all 21 fields used in this analysis.
ages from a single epoch. We performed photometric cali-
bration using the PS1 3pi survey to compute zeropoints for
SDSS Stripe 82 standard images taken on each observing
night. We applied appropriate corrections between PS1 and
DECam magnitudes to these zeropoints (Scolnic et al. 2015).
We propagated the corrected zeropoints to the science obser-
vations with appropriate scaling for exposure time and air-
mass. We then performed image subtraction using the 2013
March 22 UT observations as template images.
In addition to the photometry performed by photpipe,
we also constructed secondary catalogs for all sources iden-
tified in the griz-band template epochs. This was accom-
plished using the Source Extractor (SExtractor)
photometry package in single-image mode (Bertin & Arnouts
1996). We also performed forced aperture photometry in the
template epoch at the position of each candidate identified
by photpipe. This approach helps to identify the pres-
ence of flux in the template images for objects not detected
by SExtractor which is indicative of image artifacts and
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Table 2. Summary of Search Observations
Night Epoch UT 〈PSFi〉 〈PSFz〉 〈airmass〉 〈depthi〉 〈depthz〉
(arcsec) (arcsec) (mag) (mag)
1 A 2013-03-01 0.92 0.86 1.20 23.2 22.3
B 2013-03-01 1.01 0.97 1.03 23.2 22.4
2 A 2013-03-02 1.08 1.05 1.22 23.2 22.1
B 2013-03-02 1.09 1.06 1.03 23.4 22.3
3 A 2013-03-03 0.90 0.87 1.13 23.6 22.4
B 2013-03-03 0.91 0.87 1.03 23.6 22.5
4 A 2013-03-05 0.87 0.82 1.15 23.7 22.5
B 2013-03-05 0.92 0.89 1.07 23.7 22.6
NOTE—Summary of our DECam observations used as search epochs. The data taken on
2013 March 4 UT are omitted as they are unusable due to poor weather conditions. The
PSF and airmass are averaged across all observations on a given date. The 5σ point source
depth is the mean value computed for the coadded search images.
Table 3. Summary of Template Obser-
vations
Filter 〈PSF〉 〈airmass〉 〈depth〉
(arcsec) (mag)
g-band 1.03 1.07 22.8
r-band 0.95 1.08 23.0
i-band 0.90 1.09 23.2
z-band 0.87 1.09 22.1
NOTE—Summary of our DECam observa-
tions used for the template epoch. All data
were taken on 2013 March 22 UT. Values
are computed as for Table 2
defects. We use these additional template catalogs as a use-
ful tool for candidate classification and artifact rejection (see
Section 4.2).
Our search images achieve an average 5σ depth of i≈ 23.5
and z ≈ 22.4 mag for point-sources in the coadded single-
epoch images (Table 2). The coadded template images
achieve a 5σ depth for point-sources of g ≈ 22.8, r ≈ 23.0,
i ≈ 23.2 and z ≈ 22.1 mag (Table 3). The estimated average
5σ limiting magnitudes for point sources in the difference
images are i≈ 23.2 and z≈ 22.3 mag (see Section 5). There
is a mean scatter in the 5σ depths in the search and difference
images of ≈ 0.2 mag between epochs.
4. A SEARCH FOR OPTICAL TRANSIENTS
Our primary goal is to uncover all optical transients in our
data and then to determine specifically the areal rate of kilo-
nova contaminants.
4.1. Selection Based On Data Quality and Fading Behavior
Our initial selection criteria are designed to identify tran-
sient sources in our search images that have sufficient data
quality for further analysis. These selection criteria are:
1. Given that we are simulating follow-up triggered by a
GW detection, we search for sources that are detected
at the beginning of our search (i.e., we treat our first
night of observations as if it followed a GW detection
notice). We accomplish this by requiring four 5σ de-
tections in any combination of i- or z-band across the
first four epochs (i.e., four total detections across the
first two nights). This selection criterion leads to an
initial sample size of 2818 sources.
2. We expect both kilonovae and any relevant contami-
nating source in the context of GW follow-up, to be
fainter in the template image than in the search im-
ages. Therefore, we only select sources that present a
difference flux that is strictly positive or within 2σ of
zero across all epochs. This selection criterion leads to
a final sample size of 929 sources5.
We note that at the time these data were taken CCD #61
(N30) was not functioning. Additionally, during processing
5To check for bias from our initial selection, we also identified sources
that exhibit strictly negative difference fluxes finding a comparable num-
ber (1107 sources).
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Figure 1. Offset distribution, with one pixel bins, for sources in
Group 2 after visual rejection of image subtraction artifacts. Half
(24 of 48) of the sources exhibit offsets smaller than 1 pixel (0.27′′),
indicating a likely AGN variability origin.
of the candidate list we observed severe data quality issues
with CCDs #16 (S17) and #44 (N13) that produced a num-
ber of image artifacts and erroneous detections several orders
of magnitude larger than in the other CCDs. Consequently,
these three CCDs have been excluded from the analysis. This
results in a≈ 5% loss of sky coverage as discussed in Table 2.
4.2. Selection Based On Template Counterpart
We now discuss selection criteria designed to eliminate
sources that do not exhibit temporal evolution and colors ex-
pected for kilonovae. Specifically, we first leverage the fact
that kilonovae are expected to have much shorter durations
than most other contaminating sources (CB15). For example,
a kilonova following the model of Barnes & Kasen 2013 will
fade by several magnitudes over the course of a few days, in-
dependent of the precise choice of ejecta parameters. Given
that the separation in time between our last search epoch
and our template epoch is 17 days, we therefore expect any
kilonova-like source detected in the search images to have
faded well below our detection limit in the template epoch.
Following this reasoning, we separate our population of
929 candidates into four sub-groups based on the presence
and morphology (i.e., point versus extended source) of a
counterpart source in the template images. We identify such
counterparts (or lack thereof) by matching the detection co-
ordinates in our difference images against those sources de-
tected in the SExtractor catalogs (Section 3). We define
four sub-groups of the 929 sources in the following manner:
1. The candidate has no counterpart detection in the tem-
plate epoch within a matching radius of 3′′.
2. The candidate has an extended source counterpart in
the template epoch within a matching radius of 3′′.
3. The candidate has a point source counterpart in the
template epoch within a matching radius of 1′′, as well
as an extended source counterpart brighter than 17.5
mag within a matching radius of 30′′.
4. The candidate has a point source counterpart in the
template epoch within a matching radius of 1′′, with-
out an extended source counterpart brighter than 17.5
mag within a matching radius of 30′′.
The choice of a 3′′ matching radius for Groups 1 and 2 is
arbitrary, but does not ultimately affect the identification of
candidates; changing the matching radius will simply shift
candidates between Group 1 and Group 2.
In Groups 3 and 4, the choice of galaxy brightness and
matching radius are motivated by observations of the host
galaxies of Short GRBs, which have luminosities of & 0.1
L? (Fong & Berger 2013; Fong et al. 2013; Berger 2014). At
the ALV design-sensitivity detection range (∼ 200 Mpc) such
galaxies will be brighter than 17.5 mag. We then select the
matching radius such that the probability of the point source
and galaxy being associated by chance, the “probability of
chance coincidence", is Pcc . 0.1. This is given by:
Pcc(< R) = 1− exp[−piR2σ(< m)], (1)
where
σ(< m) =
(
1
0.33ln(10)
)
×100.33(m−24)−2.44 arcsec−2, (2)
is the expected number density of galaxies brighter than mag-
nitude m as determined by deep optical surveys (Berger 2010,
see also Hogg et al. 1997; Bloom et al. 2002; Beckwith et al.
2006). Therefore, setting m = 17.5 mag and Pcc(< R) = 0.1,
we find the appropriate matching radius of R = 30′′. This ra-
dius, corresponding to a physical scale of ≈ 27 kpc at a dis-
tance of ≈ 200 Mpc, also corresponds to some of the larger
offsets measured for SGRB (Fong et al. 2010; Fong & Berger
2013; Berger 2014).
4.2.1. Group 1 – No Counterpart
The first group is designed to identify sources that were
detected during our search epochs but have faded below our
detection threshold by the time of the template observations.
Here, the matching radius (3′′) is chosen such that this group
of candidates will serve as the complement to the second
group, as discussed above. We find that 110 of our orig-
inal 929 sources belong to Group 1, but 63 of these 110
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sources exhibit a & 3σ detection in forced aperture photom-
etry in the template images indicating the presence of arti-
facts (e.g., diffraction spikes caused by saturated stars), that
are unidentified by SExtractor. This reduces the number
of candidates to 47. Manual inspection reveals these to also
be image defects, specifically bad CCD columns and fring-
ing artifacts. We therefore find no genuine transient sources
that have faded beyond the limits of our template images and
which have no counterparts within 3′′.
4.2.2. Group 2 – Extended Source Counterpart
We next search for transients that appear near to a galaxy,
but like those in Group 1, have faded below the detection
limit of our template epoch. We identify extended sources as
those detected by SExtractor with a CLASS_STAR (i.e.,
stellarity) value of ≤ 0.8. Applying this cut, we find that
this subsample contains 94 of the original 929 sources. Vi-
sual inspection reveals that 48 of these sources are genuine
transients (which we consider as potential kilonova contam-
inants), while the remaining 46 sources result from image
subtraction artifacts in the cores of bright galaxies; we do not
consider these sources in the analysis. The distribution of
offsets between the transients and galaxies for the sample of
48 genuine sources is shown in Figure 1. We find that that
half (24 of 48) of the sources have an offset of . 0.27′′ (i.e.,
one DECam pixel), hinting that they are nuclear in origin,
and hence likely represent AGN variability.
We note that the single source in Figure 1 with an offset
of ≈ 6.6′′, was originally identified with an offset of 0.14′′.
However, manual inspection revealed that the transient had
not completely faded away in the template epoch causing
SExtractor deblending to detect a low stellarity point
source still present on top of the galaxy light distribution. We
correct this offset manually, but leave this source in Group 2
as that is the original classification.
4.2.3. Groups 3 and 4 – Point Source Counterparts
We are also interested in those candidates that have a coin-
cident point source counterpart in the template images. The
presence of such a counterpart disqualifies the source as a
kilonova contaminant, but this determination relies on the ex-
istence of late-time (or pre-existing) templates. Therefore,
it is still meaningful to construct a census of these sources
to gain a better understanding of potential contamination
in real-time GW follow-up observations, especially if pre-
existing template images are not available. These sources are
shown on a color-color diagram in Figure 2.
To help assess if the point source counterpart in the tem-
plate images is a long-lived transient or simply a stellar vari-
able source, we perform catalog matching for these sources
against the Two Micron All-Sky Survey Point Source Catalog
(2MASS PSC, Skrutskie et al. 2006), the Wide-field Infrared
Survey Explorer all-sky release (WISE, Wright et al. 2010),
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Figure 2. Top: r − i vs. i − z color-color diagram for the template
counterparts identified in Groups 3 (orange stars; Section 4.2.4) and
4 (blue circles; Section 4.2.5). The black contours indicate the stel-
lar locus in our images. We find that the majority of sources are
consistent with the stellar locus indicating a variable star origin.
Middle: Same as top, but only showing those 14 sources that do
not have a match in the Gaia DR1 catalog. The majority of sources
are still consistent with the stellar locus, indicating that they are
stellar but simply too faint to appear in the Gaia catalog. Bottom:
Distribution of r-band magnitudes for sources in Groups 3 and 4.
The solid lines indicate sources that have a counterpart in the Gaia
DR1 catalog, while dashed lines indicate sources that do not have a
catalog match.
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Figure 3. Left: i− z color distribution for the 48 sources considered in this analysis. The 11 sources identified as red kilonova contaminants are
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sources from Group 2 are plotted in grey dashed lines. Right: The number of sources recovered by performing an i− z color cut on the sample
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sources bluer than a given color cut. The vertical black lines indicate our nominal cuts of i− z < 0 mag and i− z > 0.5 mag, for blue and red
kilonovae, respectively. The sharp increase in the number of sources as the chosen color threshold is relaxed can be clearly seen.
and the Gaia DR1 Stellar Catalog (Gaia Collaboration et al.
2016a,b)6. This matching is done using the detection coor-
dinates from photpipe with a matching radius of 1′′. This
matching identifies 711 of the 725 candidates in Groups 3
and 4. In the following subsections we investigate the two
groups separately.
4.2.4. Group 3 – Point Source Counterpart
With a Bright Nearby Galaxy
We identify 23 sources that are located within 30′′ of a
galaxy with i. 17.5 mag. Figure 2 shows that sources from
Group 3 predominantly coincide with the stellar locus indi-
cating a variable star origin, with the galaxy association oc-
curring purely by chance. Given our choice of a chance co-
incidence probability of Pcc < 0.1, it is not surprising to find
23 out of 725 spurious matches to galaxies with i. 17.5 mag
within 30′′.
We match these 23 sources against the external catalogs
(2MASS, WISE, and Gaia DR1), and find that only one
source lacks a catalog match. This source is shown on the
color-color diagram in Figure 2, and is found to be consistent
with the stellar locus. In Figure 2 we show the distribution
6We note that Gaia DR1 uses data obtained after our data were obtained.
However the time separation between the Gaia mission and our data (>
1 yr) along with the comparatively shallow Gaia catalogs (G ∼ 20 mag)
makes it unlikely that any transient detected in our data will still be present
in Gaia DR1.
of i-band magnitudes for Group 3 and we find that the single
source not detected in the external catalogs is located at the
faint end of our distribution (r ≈ 21.8 mag). Therefore, this
source is simply too faint to appear in the external catalogs.
Based on the presence of a point source counterpart in the
template, association with the stellar locus, and matches to
external catalogs, we conclude that none of the 23 sources
in Group 3 can be considered as kilonova contaminants pro-
vided that deep template images are available. If templates
are not available, then the single source without a counter-
part in the Gaia DR1 catalog would be considered a kilonova
contaminant.
4.2.5. Group 4 – Point Source Counterpart
Without a Bright Nearby Galaxy
The remaining 702 sources do not have an associated
galaxy that meets our matching criteria. We show these
sources in the color-color diagram (Figure 2). Similar to the
candidates in Group 3, these sources coincide almost entirely
with the stellar locus. The sources that extend to redder col-
ors (i−z& 0.75 mag and r− i& 1.75 mag) are also consistent
with the stellar locus; the contours simply do not capture this
sparser region of the locus. We manually inspect sources that
appear to lie outside of the stellar locus. We find that half of
these sources have one or more masked/saturated pixels that
bias their photometry. The remaining sources are blended or
positioned in the halo of a saturated star, which affects their
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Figure 4. Light curves for the 11 sources in our red kilonova contaminant sample, constructed from the “forced" DoPhot PSF photometry
(blue circles: i-band; orange squares: z-band). Nuclear sources are indicated by an (N) in the ID number. The 5σ limits for non-detections are
indicated by triangles.
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photometry. Finally, there is a single source with no obvi-
ous photometric issues. As we show below, this source is not
detected in any external catalog, but this is likely due to its
faintness (r ≈ 21.7 mag and g & 23.0 mag). Furthermore,
this source does not appear near an obvious host galaxy. It is
therefore most likely a faint variable star or quasar.
Matching the sources in Group 4 against the external cata-
logs, we find that all but 13 of these sources have a match in
2MASS, WISE, or Gaia DR1. We show 10 of these 13 un-
matched sources on the color-color diagram in Figure 2 and
we find that they are consistent with the stellar locus.7 In-
specting the magnitude distribution in Figure 2, we find that
these sources are located at the faint end of our distribution.
For example, all of the sources have r> 20.5 mag, indicating
that they are too faint to be present in the Gaia DR1 catalog.
As with Group 3, we conclude that none of these sources can
be considered kilonova contaminants, as long as sufficiently
deep template images are available.
4.2.6. Summary of Initial Search
We find 48 sources that can be considered as potential kilo-
nova contaminants. All of these sources are from Group 2,
appearing in coincidence with galaxies, and with half (24
sources) having a separation of . 1 pixel from the galaxy
nucleus, suggesting that they are likely due to AGN variabil-
ity. While it is possible for kilonovae to appear in the nu-
clear regions of their hosts, we generally expect larger offsets
based on the fact that only ≈ 15% of SGRBs exhibit offsets
of . 0.5R1/2 (Fong & Berger 2013; Fong et al. 2013; Berger
2014). In this analysis we do not eliminate nuclear sources
from consideration, but we note that in an actual follow-up
search such sources could in principle be deprioritized.
We note that rejection of the 14 sources with point-source
counterparts possessing stellar colors in the template images
but lacking a catalog match in Groups 3 and 4 as potential
kilonova candidates is made under the assumption of tem-
plate images being available. However, in the context of real-
time detection in the absence of pre-existing templates such
sources may lead to an additional source of contamination.
We do not include these sources in our contaminant sample,
because they can ultimately be rejected, but we caution that
the rate of contaminants may be up to ≈ 25% higher if such
sources cannot be efficiently rejected.
4.3. Color Selection of Kilonova Contaminants
We now study the i− z colors of the 48 potential contam-
inants to identify sources that can mimic either red or blue
kilonova emission. The color distribution for all 48 sources
is shown in Figure 3. The i− z color is computed as a signal-
7The remaining 3 sources are not plotted due to a lack of r- or z-band detec-
tions.
to-noise-weighted average using the “forced" DoPhot pho-
tometry from the difference images. We define red kilo-
nova contaminants as those having i − z & 0.5 mag (Barnes
& Kasen 2013, CB15). For blue kilonova contaminants we
require i − z . 0.0 mag, motivated by the models of Kasen
et al. (2015) for a BNS merger that results in a HMNS with
tHMNS & 100 ms. These criteria are shown in Figure 3. These
criteria capture the tails of the color distribution, with over
half of the sources (27 of 48) exhibiting i− z = 0.0−0.5 mag.
We find 11 sources that satisfy the color criterion for a red
kilonova, of which 6 (54%) are located within a pixel of a
galaxy nucleus. The light curves of all 11 sources are shown
in Figure 4. The majority of these sources (8 of 11) have
i− z ≈ 0.5− 0.8 mag and only two sources (#75 and #2948)
have i− z& 1 mag. Key aspects of the temporal evolution of
red kilonova models are the rapid rise to peak (∼ few days)
and the rapid decline post-peak (δmi & 0.3 mag day−1), in
both i- and z-bands. Manually inspecting the light curves in
Figure 4, we find no sources that clearly satisfy either of these
criteria.
We find 10 sources that have colors expected for blue kilo-
novae. About half of these sources are located within a pixel
of a galaxy nucleus. We show the light curves of all 10
sources in Figure 5. The temporal evolution of blue kilo-
nova models is more rapid, with a shorter duration, than that
of red kilonovae. We do not find any systematic trends in
light curve behavior for the 10 sources, or when inspecting
the nuclear and non-nuclear sources separately.
The complete set of selections are summarized in Table 4.
We selected subsets of red and blue kilonova contaminants
with specific color cuts, but we note that the models motivat-
ing these choices have uncertainties that can affect the kilo-
nova colors (e.g., ejecta mass and velocity, ejecta composi-
tion, uncertainties in r-process opacities, etc.). This makes
understanding the effect of color criteria on the size of the
contaminant sample crucial.
The number of red and blue kilonova contaminants as a
function of color is shown in Figure 3. We find that the num-
ber of sources in either sample increases significantly if the
selection on i− z color is relaxed. For example, if we search
for red kilonova contaminants by requiring i− z & 0.3 mag,
the number of contaminants rises to 22, a twofold increase.
Similarly, if we relax our color selection for blue kilonova to
i−z. 0.2 mag, the number of contaminants rises to 20, again
a twofold increase over the original sample.
4.4. A Search for Contamination on Nightly Timescales
We also search our data for sources that could appear as
contaminants on the timescales relevant to the short-lived
“neutron precursor," that are speculated to accompany some
mergers (Section 2, Metzger et al. 2015). We accomplish this
by leveraging the rapid cadence of our observations to iden-
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Figure 5. Same as Figure 4, but for the sources in the blue kilonova contaminant sample.
12 COWPERTHWAITE ET AL.
tify potential contaminants that are detected during a single
night, or just a half-night epoch, probing transient and vari-
able events that occur with timescales of 3 hr to 1 day and. 3
hours, respectively. We search for candidates based on their
behavior in the “forced" DoPhot photometry as follows:
1. We search for transients with a characteristic timescale
of 3 hours to 1 day by selecting candidates that exhibit
two & 10σ detections in i-band during a single night
of observations (i.e., two epochs). Outside of these
epochs, the sources must exhibit an i-band difference
flux that is a factor of & 10 fainter than the maximum
i-band difference flux measured during the night of in-
terest. This requirement is consistent with the rapid
fading expected for “neutron precursors" (Metzger et
al. 2015).
2. We search for transients with characteristic timescales
of . 3 hours by selecting candidates that exhibit a sin-
gle & 10σ detection in both i- and z-band in a single
epoch. Outside of this epoch, the sources must exhibit
a difference flux that is a factor of& 10 fainter than the
difference flux measured during the epoch of interest,
in both i- and z-bands, again motivated by the rapid
fading expected for “neutron precursors" (Metzger et
al. 2015).
We find 9 sources with a timescale between 3 hours and 1
day. We perform a manual inspection of this sample, find-
ing 5 genuine sources and 4 that result from image subtrac-
tion artifacts. Matching the 5 sources to our template images
and external catalogs, we find that all of them have a point-
source match in both our template images and Gaia DR1, and
hence represent stellar variability or flaring. We find no ev-
idence for extragalactic contamination from sources with a
timescale between 3 hours and 1 day.
We find 39 sources that match our selection criteria for a
duration of . 3 hr. We manually inspect these sources and
find 24 genuine sources, with the remaining candidates re-
sulting from image subtraction artifacts. Fifteen of these
sources have point source counterparts in our template im-
ages, as well as matches in the Gaia DR1 catalog. An addi-
tional six sources are matched to high stellarity sources, but
these are all likely too faint (r& 21.5 mag and g& 23.0 mag)
to be present in the Gaia DR1 catalog. The remaining 3
sources exhibit significant trailing in at least one epoch and
no detected counterpart in the template images, indicating
that they are asteroids. Thus, we find no non-stellar or non-
moving sources with a timescale of . 3 hr.
5. DETECTION EFFICIENCY
To determine the areal rate of the various kilonova con-
taminants we need to determine the detection efficiency of
our search method. We accomplish this by injecting point
sources into both our search and template images. We in-
ject each source with a constant brightness and i − z color
in the search images. To assess the impact of residual flux
in the template images we use a range of fading levels be-
tween the search and template images. Finally, to assess the
effect of host galaxy brightness on our recovery efficiency
we inject the sources on and near galaxies identified using
SExtractor photometry on the template epoch.
We inject ten point sources around 580 galaxies identified
across the 21 fields in our dataset for a total of 5800 injected
sources. The population is constructed as follows:
1. We select extended sources by requiring a half-light ra-
dius of R1/2 > 20 pixels and a stellarity value of < 0.2.
The choice of R1/2 corresponds to the approximate size
of a Milky Way like galaxy at a distance of≈ 200 Mpc,
appropriate for NS-NS mergers detections by aLIGO.
These values are determined from the FLUX_RADIUS
and CLASS_STAR parameters in the SExtractor
catalog (Bertin & Arnouts 1996), and verified by man-
ual inspection.
2. We inject 10 sources at random locations around each
galaxy, constrained to a box that is 4R1/2 on a side.
3. We inject sources with an i-band magnitude range of
19.5− 23 mag, with a volume weighting to produce a
realistic distribution of faint sources.
4. We assign each source a color of i − z = −1 to 1 mag,
with a uniform distribution.
5. We assign each source a difference in magnitude be-
tween the science and template images of δm = 0.2−3
mag, with a uniform distribution; the range is designed
to capture slow fading that would be typical of super-
novae and rapid fading typical of kilonovae.
To recover and study the injected sources we process the
data in the same manner as described in Section 3, and apply
the data quality selection criteria as described in Section 4.1.
We then match the identified sources against the list of in-
jected sources, allowing for an astrometric match tolerance
of 2 pixels.
For the purpose of determining our detection efficiency in
a manner relevant to our search for kilonova contaminants
we identify two primary groups of injected sources, namely
those that have red kilonova properties (i.e., i− z>= 0.5 mag
and δm >= 1 mag) and those that have blue kilonova proper-
ties (i.e., i− z <= 0.0 mag and δm >= 1 mag). These criteria
lead to 1006 and 1955 injected sources, respectively. The re-
maining 2839 sources span a range of properties intermediate
between kilonova and supernova properties. We consider the
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Figure 6. Plots of recovery efficiency as a function of various fake source injection parameters. The efficiency for the entire population of
fake sources is shown as a black line while the efficiency for red kilonova and blue kilonova fake sources are shown as orange and blue lines,
respectively. Top Left: Efficiency as a function of i-band magnitude. We note that our efficiency for red kilonova fake sources is higher than our
mean efficiency, while the blue kilonova efficiency declines more rapidly compared to the red kilonova fake sources. This is due to the design
of our observations, which are aimed at red sources. Top Right: Efficiency as a function of i− z color. We are more sensitive to objects that are
red in i− z color, which drives the efficiency differences seen in the other panels. Bottom Left: Efficiency as a function of fading (δm, see text
for definition). Bottom Right: Efficiency as a function of host galaxy separation. We find no dependence on separation.
effect of the source brightness, color, fading, and the sepa-
ration from the host galaxy on our ability to detect sources.
We define our efficiency as the ratio of the number of sources
recovered to the number of sources injected.
In Figure 6 we plot the detection efficiency as a function
of i-band magnitude for the full sample, as well as for the
subsets of red and blue kilonova sources. We find an overall
efficiency of & 0.8 for i . 21.5 mag and 0.5 at i ≈ 22 mag.
For red kilonova sources we find a higher efficiency of ≈
0.9 at i . 22 mag, and 0.5 at i ≈ 22.8 mag. Our efficiency
for blue kilonova sources is ≈ 0.9 for sources with i . 21
mag, and 0.5 at i ≈ 21.5 mag. The higher efficiency for red
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Figure 7. Two dimensional histograms of efficiency. Top: Effi-
ciency as a function of i-band magnitude and i − z color. There is
a clear dependence of depth on color, due to the design of our ob-
servations. Middle: Efficiency as a function of i-band magnitude
and source fading. There is a sharp decline in efficiency for injected
sources with a fading of . 1 mag between the search and template
images, but otherwise our efficiency is constant above this value.
Bottom: Efficiency as a function of i− z color and source contrast.
Our highest efficiency is for sources with red i− z colors and large
contrast, the properties expected for red kilonovae.
kilonova sources is due to the relative depths of our i- and
z-band images, which were chosen to explore red sources.
The efficiency as a function of color for all magnitudes and
fading rates is also shown in Figure 6. We find that the effi-
ciency is . 0.5 for i− z < 0 mag, and then increases mono-
tonically to ≈ 0.8 by i− z≈ 1 mag. For red kilonova sources
the efficiency is ≈ 10% higher than for the general popula-
tion of injected sources, while for blue kilonova sources it is
comparable to that for the full sample.
We next explore the efficiency as a function of fading (δm)
across all colors and magnitudes. We find that the efficiency
is . 0.5 for mild fading of δm . 0.5 mag, but then steadily
increases to about 0.7 when δm ≈ 3 mag. For red kilo-
nova sources, the efficiency is about 20% higher than for the
full sample, while for blue kilonova sources it is approxi-
mately 15% lower than for the general population of injected
sources.
Finally, we investigate the efficiency as a function of an-
gular separation, normalized by R1/2, between the injected
source and the galaxy. We find that the efficiency is rel-
atively constant for the full range of separations, spanning
≈ 0 − 5R1/2. This indicates that our recovery efficiency is
uniform even at negligible separations from galaxy centers.
For red kilonova sources, the efficiency is about 30% higher
than for the total sample of injected sources, while for blue
kilonova sources it is about 10% lower than for the full sam-
ple.
In general, the final efficiency for a given source popula-
tion depends on a combination of source properties. His-
tograms of the two-dimensional efficiency as a function of
multiple source properties are shown in Figure 7.
We quantify our final efficiencies at a limiting magnitude
of i . 22.5 mag, corresponding to the magnitude at which
the efficiency for the entire population of fake sources is .
0.2. We compute final efficiencies of≈ 90% for red kilonova
sources and ≈ 60% for blue kilonovae sources.
The initial set of cuts to determine if a fake point source is
red or blue kilonova-like are applied to the injected proper-
ties, but the measured properties can vary quite significantly.
For faint sources (i & 22.5 mag), the measured color of a
source can be inaccurate by & 0.25 mag and the error does
not approach zero until i . 20 mag. This error in color can
lead to a fake source being miscategorized during recovery.
We investigate this effect by identifying sources in our sam-
ple that would be miscategorized if our analysis was based on
the measured source properties. We find that this is an over-
all minor effect, leading to a . 10% change to the calculated
efficiency.
6. CONTAMINATION RATES
We now combine the results of Sections 4 and 5 to com-
pute the areal rate of contaminating sources for the effective
sky area for our search (Asky ≈ 56 deg2). We note that our
rates are for the relevant “per search," and not per unit time.
These rates can easily be combined with the size of a given
GW localization region to compute an expected number of
contaminating sources. We first compute the expected detec-
tion efficiency relevant for each source in our sample given its
color and magnitude; we do not consider the source location
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Figure 8. Histogram of contaminant numbers and areal rates as a
function of i− z color. The blue lines indicate the raw source counts,
while the orange line indicates the efficiency-corrected counts. The
error bars represent the 1σ confidence interval as computed assum-
ing Poisson counting statistics.
relative to a galaxy since our efficiency is uniform with angu-
lar separation (Figure 6). In Figure 8 we plot the efficiency-
corrected number of sources as a function of i − z color in
three bins corresponding to red kilonovae, blue kilonovae,
and intermediate colors. We compute 1σ confidence inter-
vals assuming simple Poisson counting statistics. These con-
fidence intervals are computed for the raw number of sources
and are then scaled by the mean efficiency in each color bin.
We maintain consistency with our calculated efficiencies
from Section 5 by only considering sources with a mean i-
band magnitude of i. 22.5 mag as computed from the forced
DoPhot photometry. At this magnitude limit there are 45
sources out of the total initial sample of 48 from Section 4.3.
The magnitude-limited sample of red kilonova contaminants
found in Section 4.3 is composed of 9 sources. Correct-
ing for detection efficiency leads to a contaminant rate of
0.16 deg−2 at a 5σ limiting magnitude of i . 22.5 mag. The
efficiency-corrected rate of non-nuclear red kilonova contam-
inants is 0.11 deg−2. For a typical ALV localization region of
∼ 100 deg2 we therefore expect 16 kilonova contaminants,
with about 11 being non-nuclear (at i. 22.5 mag).
For the blue kilonova contaminants all 10 sources are
above the magnitude limit. The efficiency corrected number
is 46, driven primarily by two sources that are faint (i& 22.2
mag) and blue (i− z≈ −0.1 mag) and therefore have low de-
tection efficiencies of only≈ 0.1. If we remove these sources
from consideration, then the efficiency-corrected number is
20. There is therefore about a factor of 2 uncertainty in the re-
sulting contamination rate. Considering all sources, the con-
tamination rate is about 0.80 deg−2 to a limiting magnitude of
i ≈ 22.5 mag, or ≈ 80 sources in a 100 deg2 localization re-
Table 4. Summary of Final Contaminant Sample at i. 22.5 mag
Selection N (Raw) R (Raw) N (Corrected) R (Corrected)
(deg−2) (deg−2)
Total Sample 45+10−9 0.80
+0.18
−0.16 101
+15
−14 1.79
+0.26
−0.25
Nuclear 21+7−6 0.38
+0.12
−0.11 58
+12
−10 1.03
+0.20
−0.19
Non-Nuclear 24+7−7 0.43
+0.13
−0.12 43
+10
−8 0.76
+0.17
−0.15
Red 9+4−4 0.16
+0.07
−0.07 12
+5
−4 0.20
+0.09
−0.07
Blue 10+5−4 0.18
+0.09
−0.07 46
+11
−8 0.82
+0.18
−0.16
Red/Nuclear 4+3−3 0.07
+0.05
−0.05 5
+4
−2 0.09
+0.05
−0.05
Blue/Nuclear 5+3−3 0.09
+0.05
−0.05 34
+9
−7 0.60
+0.15
−0.14
Red/Non-Nuclear 5+3−3 0.09
+0.05
−0.05 7
+4
−3 0.11
+0.07
−0.06
Blue/Non-Nuclear 5+3−3 0.09
+0.05
−0.05 13
+5
−4 0.22
+0.08
−0.08
Timescale: 3−24 hr . 3 . 0.05 . 4 . 0.07
Timescale: . 3 hr . 3 . 0.05 . 4 . 0.07
NOTE—Summary of selections made for our magnitude-limited final sample of
45 sources, including 1σ errors on source counts. We give raw and efficiency
corrected number of sources (N) and sky rate (R), assuming our search represents
a typical region of sky. We define red and blue sources as those with i − z >
0.5 mag and i − z < 0.0 mag, respectively. We define nuclear sources as those
exhibiting an offset from the nucleus of their host galaxy of . 1 pixel (. 0.27′′).
gion. The complete set of selections and efficiency-corrected
rates are presented in Table 4.
We compare the contamination rates derived from our
search to those from several follow-up observations of GW
sources from the first aLIGO observing run. We focus on op-
tical follow-up using wide-field instruments for GW150914
and GW151226. Specifically, we use the published re-
sults from observations with DECam (Soares-Santos et al.
2016; Cowperthwaite et al. 2016), the intermediate Palomar
Transient Factory (Kasliwal et al. 2016; Cenko et al. 2015,
2016), the Kiso Wide-Field Camera (KWFC) used as part of
the J-GEMs collaboration (Morokuma et al. 2016; Yoshida
et al. 2017), and the Pan-STARRS/PESSTO/ATLAS search
(Smartt et al. 2016a,b). The parameters and results of these
searches are summarized in Table 5.
It is important to note that the searches conducted in re-
sponse to GW150914 and GW151226 were fundamentally
different from our study, as well as from searches that would
be required to detect actual kilonovae. These searches em-
ployed slow cadences (≈ few days), shallower depths, and
did not use colors for source selection. Nevertheless, we
can use the numbers of reported transients, which were all
deemed unrelated to the GW event, as a proxy for the con-
tamination rate.
We find that our measured contaminant rate, for both red
and blue sources, is higher than those reported during O1
follow-up, which had a typical rate of . 0.1 deg−2. How-
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Table 5. Summary of O1 Optical Follow-Up
GW150914 GW151226
Group m5σ ASky N Rsky m5σ ASky N Rsky Notes
(Mag) (deg2) (Number) (deg−2) (Mag) (deg2) (Number) (deg−2)
DECam i . 22.5 102 9 0.08 i . 21.7 28.8 4 0.13 A
iPTF r . 20.5 126 8 0.06 r . 20.5 731 21 0.03 B
J-GEM/KWFC i . 18.9 24 0 . 0.13 r . 20.5 778 13 0.02 C
Pan-STARRS i . 20.8 442 56 0.12 i . 20.8 290 49 0.17 D
NOTE—Summary of optical follow-up for the two high-signficance GW events detected during the first aLIGO ob-
serving run (O1; Abbott et al. 2016c,d). We report the published limiting magnitude (m5σ), the area covered (Asky),
the number of reported candidates (N), and the projected sky rate (R≡ N/Asky).
A References: Soares-Santos et al. (2016); Cowperthwaite et al. (2016)
B References: Kasliwal et al. (2016); Cenko et al. (2015, 2016)
C References: Morokuma et al. (2016); Yoshida et al. (2017)
Note: Here we only consider the KWFC wide-field survey component of the J-GEM follow-up.
D References: Smartt et al. (2016a,b)
ever direct comparison requires careful consideration of se-
lection criteria and depth. For example, the iPTF and KWFC
follow-up of GW151226 both achieved comparable depth to
each other and their reported contaminant rates are in good
agreement. By comparison, the DECam and iPTF follow-up
of GW150914, both observed the same contamination rate
despite the DECam observations being significantly deeper.
This is due to a difference in selection criteria as the DECam
search focused only on finding rapidly declining transients.
It is critical to note that while our measured contamination
rate is higher, the observations used in this work were con-
ducted at the depths and cadences necessary for searches tar-
geting kilonovae. Therefore, the rates derived here are more
relevant for GW follow-up conducted in response to BNS and
NS-BH mergers.
6.1. Rates for Short Timescale Transients
We also compute expected contamination rates for sources
identified in our short timescale search (Section 4.4). For
both the ≈ 3− 24 hr and . 3 hr timescales we did not iden-
tify any credible source of extragalactic contamination. This
leads to an efficiency-corrected upper limit of . 0.07 deg−2
(95% confidence level) at i≈ 22.5 mag for both populations.
A 100 deg2 GW localization region would therefore contain
. 7 contaminants on these timescales. These rates are in-
cluded in Table 4.
These rates can be compared to the Pan-STARRS1
Medium-Deep Survey fast transients search of Berger et
al. (2013). That study focused on a timescale of ∼ 0.5 hr to
∼ 1 d and led to an upper limit on the rate of extragalactic
transients of . 2.4× 10−3 deg−2 day−1 for the timescale of
1 d, and . 0.12 deg−2 day−1 for a timescale of 0.5 hr at a
limiting magnitude of r ≈ 22.4 mag. For our search (56 deg2
and 4 d) we therefore expect . 0.5 events on a timescale of
. 1 d, consistent with our non-detection of any extragalactic
contaminants.
7. DISCUSSION AND CONCLUSIONS
We presented an empirical study of contamination rates in
rapid, deep, wide-field optical follow-up of GW sources. Our
observations used DECam to cover a wide search area of 56
deg2 and to probe the regime applicable for kilonovae at ex-
pected BNS merger detection distances. We also explored
timescales ranging from ∼ 3 hours (applicable for a neutron
precursor signal) to several days (applicable to blue and red
kilonova emission). We search the data for transient sources
that would contaminate searches for red kilonova emission,
blue kilonova emission, or a neutron precursor. We note that
the former is a robust prediction of BNS mergers, while the
latter two are more speculative and depend on currently un-
known factors such as the neutron star equation of state. The
key results of our study are as follows:
1. We find 48 transient sources coincident with galax-
ies, and lacking a point source in the template images.
Furthermore, we find 14 transients with point source
counterparts that exhibit stellar colors, but are too faint
to be present in catalogs such as Gaia DR1. These
sources can be rejected as contaminants under most
circumstances, but may confuse real-time searches if
pre-existing templates are not available.
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2. We use i− z color selection for the 48 sources to iden-
tify contaminants for red and blue kilonovae (Barnes
& Kasen 2013; Kasen et al. 2015). We find 11 red
kilonova (i− z& 0.5 mag) and 10 blue kilonova (i− z<
0 mag) contaminants.
3. We search the data for transients with a timescale of
. 1 d, which will contaminate searches for a “neutron
precursor" signal. We identify no credible evidence for
extragalactic contamination on these timescales.
4. We compute efficiency-corrected areal rates for con-
taminants (per GW follow-up search) at a limiting
magnitude of i ≈ 22.5 mag, of Rtot ≈ 1.79 deg−2,
Rred ≈ 0.16 deg−2, and Rblue ≈ 0.80 deg−2. We com-
pute an upper limit areal rate for sources with a char-
acteristic timescale of . 1 day of . 0.07 deg−2 at the
95% confidence level.
5. Our derived contamination rates are higher than
reported optical transients found in follow-up of
GW150914 and GW151226 (R ≈ 0.1 deg2), but this
is due to the greater depth of our observations, which
are better matched to kilonova detections (CB15).
For three detectors (ALV), the typical localization regions
are . 100 deg2. For ALV at design sensitivity, about half of
all BNS mergers are expected to be localized to . 10 deg2
(Chen & Holz 2016). Similarly, with a five-detector network
(ALV+KAGRA+LIGO India) it is expected that about 90%
of BNS mergers will be localized to. 10 deg2 (Chen & Holz
2016). Based on our derived rates, we expect such∼ 10 deg2
to contain a few contaminants. However, we note that the
depth of our search is valid for detecting kilonovae out to a
luminosity distance of ∼100 Mpc. Detecting kilonovae out
to the aLIGO BNS horizon at design sensitivity (∼ 200 Mpc)
would require our search to go a magnitude deeper, increas-
ing the expected contamination by a factor of four if we as-
sume simple Euclidean volume scaling and a uniform distri-
bution of sources.
The challenge of contamination in deep follow-up of GW
triggers is significant, but not insurmountable. If localization
regions can be reduced to ∼100–200 deg2, we would expect
to find ∼170–340 contaminants during a typical search, be-
fore making any color cuts. The most aggressive cut, look-
ing for red and non-nuclear sources, would reveal ∼11–22
contaminants in ∼100–200 deg2 localization regions. Ob-
taining follow-up photometry and NIR spectroscopy for this
number of sources, at magnitudes of z & 21 mag, is a dif-
ficult task requiring the allocation of dedicated time on 8-
m class telescopes. Looking ahead to the era of . 10 deg2,
even our broadest selection criteria will yield fewer than∼ 10
candidates. In this regime, obtaining rapid NIR spectro-
scopic follow-up of sources to assess their true nature be-
comes tractable and we will truly enter the next generation
of multi-messenger astronomy.
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